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Titanium dioxide nanoparticles (TiO2-NPs) are agglomerated by inclusion of CNTs during the nucleation and growth 
process using the hydrothermal method at 160 ⁰C. The content of C-atoms was determined from EDAX-spectra and line 
scan. The XRD peak of TiO2 indicated the rutile phase R(210), while CNT- TiO2 showed the anatase phase A(004). 
Williamson-Hall (W-H) models showed the linear fitted negative slope, indicated the presence of compressive strain in TiO2 
and CNT- TiO2 crystal lattice. Agglomeration of TiO2 nanoparticles was confirmed from the surface morphology and 
elemental analysis. The FTIR spectra showed the interfacial interaction between CNTs and TiO2 with vibrational frequency 
of Ti-O-C bonds at 1065 cm-1.  
Keywords: Agglomeration of TiO2 nanoparticles; Williamson- Hall analysis and Size-strain Plot method; Elemental 
composition and functional sites. 
1 Introduction 
Titanium dioxide (TiO2) has shown the great 
importance in the production of various modern 
products like UV protected layers either sunglass or 
sun-cream, self-cleaning and antiglare screens, photo 
catalytic extraordinary performance, drug delivery and 
so on
1-4
. TiO2 has the semiconducting properties and
used in many electronic devices like solar-cells, photo 
catalytic activity due to a wide band gap (Eg = 3.2 eV), 
low cost, non-toxic, chemical and thermal stability
5-7
. 
Photo catalytic properties and other applications of 
nanostructured TiO2 depend on the crystallinity, 
morphology and the dopant concentration
8
. Defects 
created in TiO2 lattice by making the composite or the 
dopant concentration leads to broadening and shifting 
of diffraction peaks, which can give the information for 
particular applications
9, 10
. There are many nucleation 
and growth methods of TiO2 have been reported in the 
literature
11-13
. All of them, the hydrothermal method for 
the synthesis of nanostructured TiO2 can be preferred 
due to ease of the alteration of the microstructure and 
dopant concentration
14-16
. There are two major 
geometrical parameters like lattice strains or defects by 
vacancies or interstitial can be estimated from XRD 
peak profile analysis
17,18
. A roadmap for the 
determination of strains of nanostructured TiO2 has 
been reported with the explanation of intrinsic defects 
(oxygen/titanium vacancies and interstitials), metallic 
dopants or non-metallic dopants (carbon)
19
. The 
crystallite size and lattice strain induced the broadening 
of diffraction peak intensity or shifting the peak 
position. Williamson-Hall models and size-strain plot 
method are simplified the structural parameters, where 
the crystallite size, residual stress and energy density 
can be determined by considering the peak width as a 
function of diffraction angle
20, 21
. Rajender et al. have 
reported the strain induced phase formation and 
microstructural analysis of TiO2 determined by the 
uniform deformation model
22
. Chenari et al. evaluated 
physical parameters of TiO2 such as strain, stress and 
energy density using Williamson-Hall (W-H) plot 
assuming a uniform deformation model (UDM), and 
uniform deformation energy density model 
(UDEDM)
23
. Islam et al. estimated the crystalline 
structure of ZnO-doped TiO2 nanoparticles from 
Williamson-Hall (W-H) model and size-strain plot 
(SSP) method
24
. Despite the comprehensive structural 
parameters of TiO2 estimated from W-H models 
and SSP method, the strain, stress and energy density 
of CNTs based agglomerated TiO2 nanoparticles are 
fewer studied. 
The objective of this research work is to synthesize 
agglomerated TiO2 nanoparticles by the hydrothermal 
method at 160 C and estimated the structural 
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parameters from Williamson-Hall analysis as uniform 
deformation model (UDM), uniform stress 
deformation model (USDM), uniform deformation 
energy density model (UDEDM) and size strain plot 
(SSP) method. The effect of CNTs for the 
agglomeration of TiO2 nanoparticles is analyzed from 
the field emission-scanning electron microscopy (FE-
SEM), energy dispersive X-ray analysis (EDAX) 
spectra and line scan. While the functional cites of 
nanostructured TiO2 and CNT-TiO2 were determined 
from FTIR spectroscopy.  
 
2. Experimental  
 
2.1 Synthesis of agglomerated TiO2 nanoparticles 
TiO2 nanoparticles and agglomerated CNT-TiO2 
nanocomposite were synthesized by the hydrothermal 
method. Firstly 0.1M solution was prepared from the 
precursor of titanium tetra isopropoxide (TTIP) 
solution and the glacial acetic acid (GAA). The 
prepared solution was stirred at room temperature for 
5 min. The dilute solution of sodium dodecyl sulphate 
(SDS) was mixed with TTIP-GAA solution at room 
temperature. The diluted HCl solution was added drop 
by drop into TTIP-GAA-SDS solution and stirred 
with magnetic stirrer at room temperature for 15 min. 
To check the effect of CNTs, 0.5 mg was added in the 
growth process. The hydrothermal reactions take 
place at 160 ℃ for 4 h. The synthesized precipitates 
were filtered, washed with deionized (DI) water 
several times and dried in an electric oven at 60 ℃. 
 
2.2 Characterization of agglomerated CNT-TiO2 nanocomposite 
The structural analysis of TiO2 nanoparticles and 
CNT-TiO2 nanocomposite were determined from X-ray 
diffractometer (XRD: Rigaku) with Cu-Kα1 radiation of 
wavelength 0.15406 nm at the scanning rate 0.1 deg/sec. 
The microstructures of TiO2 and CNT-TiO2 powders 
were determined from field emission-scanning electron 
microscopy (FE-SEM: Zeiss), at an accelerating voltage 
of 15 kV. The elemental composition of TiO2 
nanoparticles and CNT-TiO2 nanocomposite was 
determined from energy dispersive X-ray analysis 
(EDAX) spectra and line scanning. The chemical 
bonding and functional cites were determind from FTIR 
spectroscopy (Agilent 630, ATR Module). 
 
3. Results and Discussion 
 
3.1 X-ray diffraction of TiO2  nanoparticles and CNT-TiO2 
nanocomposite 
Figure 1 shows the XRD pattern of CNT, TiO2 
nanoparticles and CNT-TiO2 nanocomposite. All 
diffraction peaks indicated the mixture of anatase and 
rutile phases of TiO2, indexed with the reference data of 
JCPDS file (rutile: 00-002-0494 and anatase: 00-002-
0387), which confirmed the tetragonal structure of TiO2. 
Lattice parameters were estimated from XRD peak 
profile analysis and summarized in Table 1.  
XRD pattern of TiO2 and CNT-TiO2 clearly showed 
the difference in diffraction peak intensities. The 
diffraction peaks intensity of CNT-TiO2 nanocomposite 
was deteriorated by adding a small amount of CNTs 
during the growth of nanostructured TiO2. The dominant 
peak of TiO2 indicated the rutile phase R (210). While 
the addition of CNTs in TiO2 nanoparticles, the 
dominant peak was observed the anatase phase A(004). 
The transformation of crystallographic structure induced 
the rearrangement of atoms in lattices. The arrangement 
of atoms was reversed due to the creation of defects or 
oxygen vacancies in the lattices by addition of CNTs 
during the growth process. Defects and oxygen 
vacancies are responsible factors for the trapping of 
electrons and holes
25, 26
. The crystallite size, residual 
stress and uniform energy density, were estimated from 
the following analysis models and methods. 
 
 
Fig. 1 — XRD pattern of CNT, TiO2 nanoparticles and  
CNT-TiO2 nanocomposite.  
 
Table 1 — Lattice parameters of TiO2nanoparticles and  
CNT-TiO2 nanocomposite. 
S. No. Lattice parameters TiO2 CNT-TiO2 
1 a = b (Å) 4.5728 4.6838 
2 c(Å) 2.9087 9.7033 
3 c/a ratio 0.6361 2.0717 
4 d (Å) 2.0432 2.4289 




3.1.1 X-ray peak broadening analysis: crystallite size by 
Scherrer’s formula 
The peak broadening is related to the crystallite 
size and lattice strain presented in the material as well 
as instrumental measurement errors. The broadening, 
βhkl corresponding to the diffraction peak of TiO2 is 
given by the following relation: 
 1/22 alinstrument2measuredhkl βββ   … (1) 
The crystallite size D, of TiO2 nanoparticles and 
CNT-TiO2 nanocomposite was calculated by the 








where, k is constant (for spherical shape k = 0.9), λ is 
wavelength of X-rays (0.15406 nm), βD is full width 
at half maximum and θ is the diffraction angle.  
 
3.1.2 Williamson-Hall analysis 
 
3.1.2.1 Uniform deformation model (UDM) 
The crystallite size, D, lattice strain ε, induced 
broadening, βs, of nanostructured TiO2 were 
determined from the following relation
27
: 
 tan 4βs   … (3) 
The crystallite size-induced Bragg’s broadening 
(βD) is described by rearranging Eq
n
. (2),  
Dcosθ
kλ
βD   
… (4) 
The combined effect of broadening (βhkl) is govern 
by : 
Dshkl βββ   … (5) 
Using Eq. 3 and 4 in Eq. 5, we get  
Dcosθ
kλ
tan 4βhkl    … (6) 




cosθβhkl   … (7) 
The UDM plots are obtained by plotting 4sinθ on 
x-axis and βhklcosθ on y- axis for TiO2 nanoparticles 
and CNT-TiO2 nanocomposite as shown in Figs. 2(a 
& b). The slope of linear fitted data gives the 
information of the lattice strain and crystallite size, 
which can be extracted from the y-intercept. The 
negative slope of linear fitted data shows the presence 
of compressive strain in the material
28
. 
3.1.2.2 Uniform stress deformation model (USDM) 
The USDM model was considered for the 
evaluation of the stress raised in the material due to 
the lattice deformation in all crystallographic 
directions. According to Hook’s law (within the 
elastic limits), the stress is linearly proportional  




where, σ is the stress of the crystal lattice and E is the 
modulus of elasticity called as Young’s modulus. The 
above relation (Eq. 8) is valid for small strains 
presented in nanostructured TiO2
20
. Using Hook’s 
low, in Eq.
 










The Young’s modulus, Ehkl in the direction normal 
to the set of (hkl) of tetragonal crystal system (TiO2) 


































Fig. 2 — The W-H analysis (UDM) of (a) TiO2 nanoparticles and 
(b) CNT-TiO2 nanocomposite. 
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, and 5.21 (TPa)
-1
 for rutile TiO2 
nanoparticles respectively
21, 22
. The average calculated 
young’s modulus are 223 GPa and 199 GPa for  
TiO2 nanoparticles and CNT-TiO2 nanocomposite, 
respectively. The effect of decreasing of Young’s 
modulus for CNT-TiO2 nanocomposite was observed 
due to increasing the crystallite size or the 
agglomeration of NPs
30
. Figs. 3(a & b) show the 
USDM plot (4sinθ/Ehkl versus βhklcosθ) for TiO2 
nanoparticles and CNT-TiO2 nanocomposite, 
respectively. The stress is calculated from the slope and 
crystallite size from y-intercept of linearly fitted data. 
 
3.1.2.3 Uniform deformation energy density model (UDEDM)  
The UDEDM is used to determine the energy 
density (energy/unit volume) of the crystal lattice. 
The uniform stress deformation model is considered 
for homogeneous and isotropic crystals. The 
assumption of homogeneity and isotropy is no longer 
exists throughout the crystal lattice. In this model, the 
crystal lattice is assumed to have anisotropic nature. 
The constants of proportionality associated with the 
stress-strain relation are no longer independent, when 
the strain energy density ‘u’ is considered. By 
Hooke’s law, the anisotropic energy density is related 
as 2Eεu hkl
























Figure 4(a & b) show the UDEDM plots 
(4sinθ(2/Ehkl)
1/2
 versus βhklcosθ) of TiO2 nanoparticles 
and CNT-TiO2 nanocomposite, respectively. The 
anisotropic energy density is determined from the 
slope and the crystallite size from y-intercept of linear 
fitted data. Further, the lattice strain can be calculated 
from σ/Ehkl and stress from the relation hkl
2 /Eσu  . 
 
3.1.3 Size-strain plot (SSP) method 
For isotropic line broadening, the size-strain plot 
(SSP) method was also considered for the better 
evaluation of crystallite size and micro-strains. It was 
expected that the crystallite size and the strain profile 






Fig. 3 — The modified W-H analysis (USDM) of (a) TiO2 
nanoparticles and (b) CNT-TiO2 nanocomposite.  
 
 
Fig. 4 — The modified W-H analysis (UDEDM) of (a) 
TiO2nanoparticles and (b) CNT-TiO2 nanocomposite. 

























where k is constant; for sphere like shape it has the 
value of ¾. Figs. 5(a & b) show the strain-size plots  
(  λcosθβd hkl2hkl  versus  2hklhkl λcosθβd ) of TiO2 
nanoparticles and CNT-TiO2 nanocomposite, 
respectively. The crystallite size was estimated from 
the slope of the linearly fitted data and the square root 
of the y-intercept gives the strain.  
All results estimated from the various methods and 
models (Scherrer’s method, UDM, USDM, UDEDM 
models and SSP) are summarized in Table 2.  
For all W-H models, the slope of linear fitted data 
was observed the negative slop, which indicated the 
presence of compressive strain in TiO2 and CNT-TiO2 
crystal lattice. Even though, the crystallite size was 
observed in good agreement evaluated from all models 
and methods. 
 
3.2 Microstructure and elemental analysis of CNT-TiO2 
nanocomposite 
Figures 6(a - c) shows the microstructure (FE-SEM 
images) of CNT, TiO2 nanoparticles, and agglomerated 
CNT-TiO2 nanocomposite, respectively. The diameter 
of CNT was observed to be ~35 nm. The magnified 
images of CNTs, TiO2 and CNT-TiO2 are inset of each 
microstructure. The microstructure of TiO2 is clearly 
showed the inaccessible nano-grains. While the 
addition of CNTs in the nucleation and growth of nano 
structured TiO2, the agglomeration of nanoparticles 
were observed, which is clearly reflected from the 
images. The average crystallite size increased from  
29 nm to 40 nm as the microstructure transformed from 
TiO2 to CNT-TiO2, which was estimated from the 
Scherrer’s formula. The elemental analysis of CNTs, 
TiO2 and CNT-TiO2 was determined using an energy 
dispersive X-ray analysis (EDAX) spectra and line 
scanning (Fig. S1(a-c)). When CNTs was introduced in 
the growth of TiO2, the elemental distribution of Ti  
and O atoms was observed the least homogeneous  
(Fig. S2(b)). The inhomogeneous pattern revealed  
the interaction of C atom with Ti and O atoms 
generating new carbonaceous chemical bonds as Ti-C 
or Ti-O-C32, 33. The EDAX line scanning pattern are 
also justified with EDAX spectra (Fig. S1).  
 
 
Fig. 6 — FE-SEM images of (a) CNT, (b) TiO2 nanoparticles and (c) CNT-TiO2 naocomposite. 
 







Williamson-Hall Method SSP 
UDM USDM UDEDM 
D (nm) D (nm) ε x10-2 D (nm) ε x10-2 σ (MPa) D (nm) ε x10-2 σ (MPa) U (MPa) D (nm) ε x10-2 σ (MPa) U (MPa) 
1 TiO2 29.88 5.37 0.975 5.96 0.619 1380 3.86 1.065 2374 25.301 3.80 3.290 7328 241.000 
2 CNT-TiO2 40.14 8.71 0.571 7.32 0.637 1270 6.99 0.538 1071 5.76 4.96 2.165 4315 93.414 
 
 
Fig. 5 — The size- strain plot (SSP) analysis of (a) TiO2 
nanoparticles and (b) CNT-TiO2 nanocomposite. 






Fig. 7 — FTIR spectra of CNT, TiO2 nanoparticles, and  
CNT-TiO2  nanocomposite. 
 
3.3 FTIR of TiO2 nanoparticles and CNT-TiO2 nanocomposite 
Figure 7 shows the FTIR spectra of CNTs, TiO2 
nanoparticles and CNT-TiO2 nanocomposite for the 
analysis of chemical bondings.The fundamental 
vibrations of TiO2 nanoparticles was appeared near 
653 cm
-1
, which is attributed to the stretching 
vibration of Ti-O bonds
34
. Another vibration was 
detected at 1065 cm
-1 
assigned to Ti-O-C bonds for 
the interaction between TiO2 and CNT
32
. The 
stretching vibration for C-O was observed  at 1194 
cm
-1 35
. Another peak was observed at 1623 cm
-1
, that 
is ascribed to C=C bond for the stretching of CNT. 
The C-H bending was found at ~2000 cm
-1
. The peak 
was observed at 2119 cm
-1
 stem from CNT
36, 37
. The 
additional band edge was observed at 2349 cm
-1
 
ascribed to physically adsorbed CO2 from the 
atmosphere. The vibrations near frequency 3200 cm
-1 
assigned to the -OH stretching group
38
.  
The agglomeration of TiO2 nanoparticles depends 
on the growth parameters like growth temperature, 
pressure, volume in autoclave, molarity as well as the 
dopant material. The dopant material plays a very 
significant role in the growth of nanoparticles by 
creating new bonds and defects
39
. The particles with 
lower energy density get to achieve the more stable 
geometrical shape or agglomeration on any particular 
surface. When CNTs were used as the dopant material 
in the solution, it reduced the energy density. The 
energy density or energy/unit volume for CNT-TiO2 
nanocomposite is less than that of TiO2 nanoparticles 
estimated from uniform deformation energy density 
model (UDEDM) and size-strain plot (SSP) method 
and particles get agglomerated on CNT surface. 
 
4. Conclusion 
Nanostructured TiO2 and CNT-TiO2 were 
synthesized successfully using the hydrothermal 
method at the nucleation and growth temperature of 
160 C. XRD-pattern confirmed the mixed phase of 
anatase and rutile of TiO2. Agglomeration of TiO2 
nanoparticles by inclusion of CNT was confirmed 
from XRD pattern and FE-SEM images. The presence 
of C-content in agglomerated nanostructured TiO2 
was confirmed from EDAX-spectra and line scanning. 
The crystallite size, D, and lattice stains,, estimated 
from the Scherrer’s formula, and W-H models. The 
UDEDM model clarified the decrease in energy 
density of CNT-TiO2 nanocomposite, specified the 
agglomeration of TiO2 nanoparticles. FTIR spectra 
confirmed the different functional stretching and 
bending with particular vibrational frequencies. 
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